Objective. The purpose of this study was to evaluate the accuracy of the prenatal diagnosis of left isomerism and to assess possible diagnostic and prognostic markers. Methods. We conducted a retrospective review of all previously unpublished cases of left isomerism diagnosed in the prenatal and postnatal periods in 2 tertiary referral centers in Germany over 15 years. Results. Among 34 fetuses, 31 had a correct prenatal diagnosis of left isomerism; 31 had an interruption of the inferior vena cava with azygos continuation; 22 had different types of viscerocardiac heterotaxy; 13 had heart block; and 28 had cardiac defects, with a high prevalence of atrioventricular septal defects (n = 24), right outflow tract obstruction (n = 11), double-outlet right ventricles (n = 6), and anomalous pulmonary venous return (n = 6). Among the 34 cases, 9 underwent termination of pregnancy; 2 fetuses died in utero; 5 children died in the neonatal period; and 4 children died in infancy. Only the presence of heart block and hydrops was significantly correlated with nonsurvival (P < .05). Fourteen children survived, with a mean follow-up ± SD of 2.9 ± 2.6 years. Three survivors underwent single-ventricle palliation, and 1 had successful biventricular repair. Three children were awaiting cardiac repair. The remaining 7 children had minor or no associated cardiac defects and were doing well. Conclusions. Prenatal diagnosis of left isomerism is feasible, with high accuracy. Important diagnostic pointers are viscerocardiac heterotaxy, complex cardiac malformations, heart block, and interruption of the inferior vena cava. The mortality in fetuses and neonates is high in the presence of heart block and hydrops, whereas the cardiac defects influence the long-term outcome.
eterotaxy is defined as the abnormal arrangement of viscera across the left-right axis differing from complete situs solitus and complete situs inversus. 1, 2 There are 2 recognized variants of heterotaxy: left isomerism and right isomerism. Left isomerism is associated with paired left-sided viscera, whereas right-sided viscera may be absent. In contrast, right isomerism features paired right-sided viscera, whereas left sided viscera may be absent. Both variants are associated with complex cardiac malformations.
Typical findings in left isomerism are bilateral morphologic left atrial appendages (left atrial isomerism), viscerocardiac heterotaxy (situs ambiguous, with incoherent laterality of the heart axis, stomach, portal sinus, or gallbladder), multiple cardiac anomalies (with a predomi-nance of atrioventricular septal defects and pulmonary stenosis), congenital heart block, bilateral morphologic left (bilobed) lungs with hyparterial bronchi, multiple splenuli (polysplenia), intestinal malrotation, and interruption of the inferior vena cava with azygos continuation. [3] [4] [5] [6] [7] [8] [9] [10] [11] When compared with left isomerism, neonates with right isomerism face considerably higher mortality and postoperative morbidity because of the more complex type of cardiac malformations. 2, 5, 7, 8, [12] [13] [14] In contrast, the greatest attrition in left isomerism occurs in the prenatal period and is frequently associated with heart block and hydrops. 7, 9, 15 Although morbidity and mortality in the neonatal period are mainly determined by the cardinal cardiac defects, the visceral anomalies may strongly affect the long-term outcome of these patients. Varying degrees of malrotation and malfixation of the bowel, preduodenal portal vein, gastric volvulus, and biliary atresia substantially influence long-term survival in children with left isomerism. 16, 17 Accurate prenatal diagnosis of these syndromes is therefore mandatory to allow appropriate counseling of parents and to plan delivery and neonatal management.
With the recent advances in fetal echocardiography on both the technical and educational sides, the prenatal diagnosis of left isomerism has become increasingly documented in the recent literature. However, larger reports have focused on and may represent only the subset of fetuses with atrioventricular septal defects or heart block. 8, 15, 18, 19 The remainder have been presented in small case series rarely exceeding 10 cases 7, [9] [10] [11] [20] [21] [22] [23] or case reports, [24] [25] [26] [27] leaving a paucity of data on the outcome of this rare malformation syndrome when diagnosed in utero.
Therefore, we retrospectively reviewed all previously unpublished cases of left isomerism diagnosed in our 2 centers with emphasis on the accuracy of the prenatal diagnosis, possible prognostic markers, and follow-up. The findings are discussed together with the results of our previous study on fetuses with heterotaxy syndromes.
Materials and Methods
Patients with a prenatal or postnatal diagnosis of left isomerism were identified in the perinatal databases of 2 tertiary referral centers for prenatal medicine and fetal echocardiography (Bonn and Lübeck, Germany). In Bonn, all cases diagnosed between 1989 and 2004 were included. In Lübeck, all cases diagnosed since our last study from 2001 onward were included. 7 Patient charts, sonographic video recordings, and still images of all cases were reviewed. Follow-up data were also obtained on the 4 German survivors from our previous multicenter study (Lübeck, Germany, and Baltimore, MD). They are discussed together with the survivors of our current series but were not included in the main study group.
During the study period, the anatomic survey and fetal echocardiography were performed in a standardized fashion. Fetal echocardiography was carried out by a segmental approach with the use of standardized anatomic planes incorporating pulsed wave and color Doppler imaging. 28, 29 Sector or curved array 3.5-, 4-, 5-, and 7.5-MHz probes were used for all sonographic examinations (Acuson Sequoia 512 [Siemens AG, Erlangen, Germany] and HDI 5000 [Philips Medical Systems, Solingen, Germany]).
Left isomerism was diagnosed in the presence of a combination of at least 2 of the following markers: viscerocardiac heterotaxy, structural heart disease with or without heart block, and azygos continuation of an interrupted inferior vena cava. 7 Viscerocardiac heterotaxy was defined as any situs different from the situs solitus (levocardia, left stomach, left descending aorta, right gallbladder, and right portal sinus) or situs inversus (dextrocardia, right stomach, right descending aorta, left portal sinus, and left gallbladder) ( Figure 1, A and  B ). An interrupted inferior vena cava with azygos continuation was suspected if 2 vessels could be shown behind the heart in the 4-chamber view ( Figure 2C ), where normally only 1 (the descending aorta) can be found. 21 The differentiation between azygos continuation, totally anomalous infracardiac pulmonary venous return, and an enlarged esophagus was then made in a midsagittal plane, showing the continguity of the inferior vena cava to the right superior vena cava or the left persistent superior vena cava, which is often present in these fetuses ( Figure 2B ). In addition, color flow mapping identified the direction of flow toward the heart and allowed a differentiation between descending aorta and azygos continuation ( Figure 2A ). In juxtaposition of the inferior vena cava and aorta, which is an important diagnostic feature of right isomerism, 7 the inferior vena cava enters the right atrium together with the liver veins and can therefore not be visualized in the 4-chamber view behind the heart. 
B C
A Second-degree heart block was diagnosed in the presence of a regular atrial rate and 2:1 conduction to the ventricles (Mobitz type II). A clear distinction was made between benign atrial ectopy (premature occurrence of the blocked atrial contractions) and second-degree atrioventricular block (regular atrial rate). Complete heart block was diagnosed in the presence of complete dissociation of atrial and ventricular contractions, with regular atrial but slow ventricular rates. 30 Neither the anatomy of the bronchi nor the status of the spleen was regularly assessed in this study. Although the general screening concept in both centers concerning pulmonary venous return is to identify at least 1 pulmonary vein entering the left atrium, in cases with cardiac defects, an attempt is made to visualize the complete pattern of pulmonary venous drainage. Partial pulmonary venous return was diagnosed when 1 or more, but not all, of the pulmonary veins connected to the right atrium. Total anomalous pulmonary venous return was diagnosed if there was no connection between the pulmonary veins and the left atrium and was subdivided in intracardiac, supracardiac, and infradiaphragmatic return.
Statistical analysis was performed with the χ 2 test, Fisher exact test, or Student t test. All values are given as mean ± SD unless otherwise indicated. P < .05 was considered significant.
Results
In the study period, 45 fetuses had a diagnosis of left isomerism at prenatal sonography, neonatal imaging studies, cardiac surgery, or autopsy. In 11 cases with termination of pregnancy or intrauterine death, no autopsy was performed, therefore leaving the diagnosis at doubt. Although the combination of an abnormal situs, complex cardiac malformation, interruption of the inferior vena cava, and heart block allowed a diagnosis of left isomerism with high probability (Table 1) , these cases were excluded from the study, leaving 34 cases for further analysis.
The mean maternal age was 28.5 ± 5.6 years. One mother had a previous child with heterotaxy syndrome of unknown laterality. Two mothers had diabetes mellitus. Two couples were consanguineous. The mean gestational age at detection was 24.8 ± 5.9 weeks. The indications for referral were suspected congenital heart disease on rou- tine obstetric sonography (n = 17), dysrhythmia (n = 8), increased nuchal translucency in the first trimester (n = 3), and screening for cardiac anomalies (n = 6). Thirty-one of 34 cases were accurately diagnosed in the prenatal period. The different combinations of sonographic markers in prenatally diagnosed as well as missed cases are summarized in Table 2 .
In 3 cases, the diagnosis was missed or remained at doubt. The first case was misdiagnosed as right isomerism on the basis of a combination of viscerocardiac heterotaxy, mitral atresia, a hypoplastic left ventricle, and juxtaposition of the descending aorta and inferior vena cava; however, postnatal imaging studies as well as the intraoperative findings showed polysplenia, bilateral bilobed lungs, and left atrial isomerism. The second case was diagnosed as situs solitus, complete heart block, and hydrops; therefore, immune-mediated heart block was suspected despite missing maternal anti-Ro (SS-A) and anti-La (SS-B) antibodies. After intrauterine death, autopsy findings revealed malrotation, bilateral hyparterial bronchi, and an extremely hypoplastic spleen, therefore converting the diagnosis to left isomerism. The third case had situs solitus, an interrupted inferior vena cava, a right aortic arch, and a left persistent superior vena cava. In the absence of a further marker, the diagnosis of left isomerism remained at doubt until bilateral hyparterial bronchi and left atrial isomerism were diagnosed in the postpartum period.
Twenty-two fetuses (65%) showed different types of viscerocardiac heterotaxy at prenatal sonography ( Figure 1, A and B) . Eleven (32%) had visceral situs solitus and levocardia. One (3%) had visceral situs inversus with dextrocardia. Details on the distribution and outcome of the associated situs, cardiac, and venous anomalies are given in Table 3 . Twenty-eight fetuses (82%) in our series had complex cardiac defects, with a high prevalence of atrioventricular septal defects (n = 24, 71%), right outflow tract obstruction (n = 11, 32%), and double-outlet right ventricles (n = 6, 18%). Thirteen fetuses (38%) had heart block ( Figure 3 , A and B). Heart block was significantly associated with hydrops (P < .01). Only 2 of 10 fetuses with hydrops had a normal cardiac rhythm. Cases with hydrops were detected at a significantly earlier gestational age (22.1 versus 25.9 weeks; P < .05), as did cases with heart block (22.0 versus 26.5 weeks; P < .05).
The most frequently encountered venous anomalies were interruption of the inferior vena cava (91%) (Figure 2 , A-C), a left persistent superior vena cava (47%), and anomalous pulmonary venous return (18%). Three cases of anomalous pulmonary venous return (1 total supracardial and 2 partial supracardial) as well as 10 of 16 cases of left persistent superior vena cava were only diagnosed in the postnatal period. Further undetected cardiac anomalies were 1 case each of pulmonary stenosis and corrected transposition, respectively.
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Isomeric left (fingerlike) atrial appendages were prenatally detected in 13 cases in our series ( Figure 4, A and B) ; however, this feature was not regularly assessed in both centers during the study period. In 21 cases in our series, the status of the spleen was ascertained in the postnatal period or at autopsy. Polysplenia, right-sided spleen, left-sided spleen, and asplenia were present in 14, 2, 4, and 1 cases, respectively.
Twenty-five fetuses had additional extracardiac anomalies other than those regularly associated with heterotaxy. Visceral anomalies included biliary atresia (n = 2), hypoplasia of pancreas (n = 1), and a choledochal cyst (n = 1). Anomalies of the axial skeleton included 3 cases of postaxial hexadactyly. One fetus had a unilateral multicystic kidney, another had marked hyperechoic kidneys at prenatal sonography. In the latter, postnatal renal biopsy showed missing corticomedullary differentiation with otherwise unimpaired renal function. Two fetuses had a single umbilical artery, and 1 had a persistent right umbilical vein.
The fetal karyotype was assessed in 20 cases and was abnormal in 1, which had a microdeletion of chromosome 22q11.
Nine cases in our series underwent termination of pregnancy (7 with heart block and 7 with hydrops, some having both). Two hydropic fetuses died in utero (1 with heart block). Three neonates died of congestive heart failure before an attempt of cardiac palliation could be made; 1 of them was electively delivered before term because of heart block and progressing hydrops. Two neonates with heart block died after elective preterm delivery after pacemaker insertion. Two infants with biliary atresia and heart block died within 1 year after palliation. Another 2 infants died in the first year of life after biventricular repair.
Fourteen children survived with a mean followup of 2.9 ± 2.6 years. Three survivors underwent single-ventricle palliation, and 1 had successful biventricular repair. Two children were candidates for biventricular repair, and 1 infant was awaiting single-ventricle palliation. One child was alive and well with corrected transposition. Another had a competent common atrioventricular valve without an associated septal defect. The remaining 5 cases had no associated cardiac defects and were doing well.
After exclusion of the terminated cases, only the presence of heart block and hydrops was significantly correlated with nonsurvival (P < .05).
No significant correlation between cardiac defects, venous anomalies, or extracardiac anomalies with the intrauterine or neonatal outcome could be shown in our series.
Discussion
In infants, minimum diagnostic criteria for left isomerism require the presence of complex cardiovascular malformations plus at least 2 of the following: an interrupted inferior vena cava with azygos continuation, left isomerism of the atrial appendages, left isomerism of the lobes of the lungs or a bilateral hyparterial bronchial branching pattern, polysplenia, and an inverted or symmetric liver, gallbladder, or stomach. 2 A number of factors make the application of these criteria to the prenatal diagnosis of these disorders difficult. In addition, previous prenatal studies showed a distribution of left and right isomerism and their associated anomalies differing significantly from that found in the postnatal period. [7] [8] [9] [10] [11] In our previously published smaller prenatal series of 22 fetuses with postnatally confirmed left isomerism 7 as well as in a series by Phoon et al, 9 who reported 10 cases, the combination of an abnormal visceral situs with interruption of the inferior vena cava, heart block, or both correctly identified most cases. 7, 9 These results were confirmed in this study: none of the sonographic markers was invariably present; however, their combination allowed a prenatal diagnosis with high accuracy.
Combining the current series with our previously published study results in a total collective of 56 fetuses with confirmed left isomerism. Viscerocardiac heterotaxy was diagnosed at prenatal sonography in 66% of fetuses; 27% had visceral situs solitus in combination with levocardia; and 7% had situs inversus of the viscera in combination with dextrocardia. In situs solitus, the diagnosis of left isomerism is challenging, which is shown in this series by the 2 misdiagnosed cases in this group.
Discontinuity of the inferior vena cava represents an excellent marker of left isomerism. The reported prevalence of this anomaly among fetuses with left isomerism ranges between 55% and 85% in postmortem series and infants, respectively. 3, 4, 6, 31 In our 2 series, 93% of fetuses had an interrupted inferior vena cava. In contrast, this anomaly is rare under other circumstances. To our knowledge, only a few cases of right isomerism with interruption of the inferior vena cava have been described previously. [31] [32] [33] Similarly, interruption of the inferior vena cava in situs solitus of the chest as a benign vascular malformation has been described but is also rare. 7, 34 Autopsy studies have shown that recognition of the morphologic characteristics of the isomeric atrial appendages is the best guide to the existence of the 2 entities in heterotaxy syndromes. 6 The appendages can be visualized at fetal echocardiography in a plane slightly cranial to the 4-chamber view but are not identified reliably under many conditions because of their small size and their location outside the standard planes. 35 Assessment of the morphologic characteristics of the atrial appendages in utero has been performed successfully in a few fetuses with heterotaxy syndromes 9, 11, 36 ; however, its routine use has never been established. 35 In our series, isomerism of the atrial appendages was detected prenatally in only 13 of 34 fetuses (Figure 4, A and B) ; however, the retrospective design of this study precludes any conclusions on the value of this diagnostic tool.
Prenatal assessment of lung lobulation and bronchial branching patterns has been reported previously 37 but has proved to be time consuming and was not evaluated in this series. The spectrum of cardiovascular malformations in this as well as our previous series matches the results of a smaller previously published fetal echocardiography study. 9 Fetal autopsy studies, although reporting similar distributions of atrioventricular septal defects, anomalies of ventriculoarterial connections, and right outflow tract obstructions, showed a significantly higher prevalence of anomalous pulmonary venous return. 3, 4, 6 This is an important issue because 6 (1 total supracardial and 5 partial supracardial) of 10 fetuses with anomalous pulmonary venous return in our 2 studies had a diagnosis only postnatally, suggesting that a high proportion of these anomalies escape prenatal detection despite meticulous inspection of the pulmonary venous return. This inaccuracy may be explained by the complex anomalies of atrioventricular connection and systemic as well as pulmonary venous return in these fetuses, rendering an accurate prenatal diagnosis difficult or even impossible in some of the cases.
Fetuses with heart block were detected significantly earlier in gestation and were significantly associated with hydrops. In our 2 studies, 7 (13%) of 56 fetuses with heart block were detected before 14 weeks' gestation. It has been emphasized that fetal heart block detected in the first trimester strongly suggests the presence of congenital heart disease, namely, left isomerism, because immune-mediated heart block does not develop before the antibodies start to cross the placenta in the early second trimester. 7, 22 The spectrum of cardiac malformations in fetuses with heart block in our as well as previously published series 15 does not differ from the general spectrum in fetuses with left isomerism. The poor prognosis of heart block in fetuses with left isomerism that has been previously reported 7, 15, [38] [39] [40] [41] therefore seems unrelated to the severity of the associated cardiac anomalies. The structural heart defects, which already impose a volume or pressure load, together with the low ventricular rate and the discordant atrial filling lead to congestive heart failure, characterized by hydrops, cardiomegaly, and atrioventricular valve regurgitation. 15 Accordingly, 18 of 24 fetuses with heart block in our 2 studies showed hydropic changes, compared with only 4 of 32 fetuses without heart block.
In our 2 series, 5 mothers had previous children with heart defects, and 3 of them had been identified as having heterotaxy syndromes. The recurrence of heterotaxy in siblings has been reported previously and suggests autosomal inheritance. 2 Three other couples were consanguineous, adding further evidence to an autosomal inheritance pattern. An association between maternal diabetes and heterotaxy syndromes has been proposed recently. 42 However, in our 2 series, only 3 of 56 mothers had maternal type I diabetes.
The anomalies of the spleen in our collective are in keeping with previous reports. Although polysplenia is the most common finding in left isomerism, asplenia or a normal spleen may be present. 5, 6 Gray scale identification of the fetal spleen is possible from 20 weeks' gestation but may be difficult in heterotaxy because of the anatomic distortion that is associated with situs ambiguity in these patients. 23 In polysplenia, visualization of the multiple scattered splenuli will most likely fail, resulting in a false diagnosis of asplenia and an erroneous suggestion of right isomerism. Therefore, assessment of the spleen was not included in our workup of heterotaxy syndromes.
Most of the other associated extracardiac malformations in our series can be considered midline developmental field defects, representing coherent and synchronic defects rather than causally independent malformations. 43, 44 Defects of the axial skeleton, such as our 2 cases of hexadactyly, as well as genitourinary malformations are nonrandomly associated with left isomerism. 44 Biliary atresia is uniquely associated with left isomerism and has been identified as an independent factor associated with timerelated death in these patients. 17 It has been estimated that 10% to 20% of patients with extrahepatic biliary atresia have left isomerism. 44 Among fetuses with structural cardiac anomalies, abnormal visceral situs is strongly predictive of a normal karyotype. 7, 8, 45 However, as in our series, there are several reports on the association of heterotaxy syndromes and chromosomal abnormalities, mainly microdeletion of chromosome 22q11, trisomy 18, and trisomy 13, 2, 8, 11, 46, 47 suggesting that fetal karyotyping still needs to be carefully considered in heterotaxy.
The prognosis of left isomerism may be quite good in the absence of heart block or hydrops. However, the associated cardiac defects largely influence the outcome. Although there is only a trend toward better outcome in fetuses without heart defects in our combined collective, the morbidity is considerably higher in associated cardiac defects. Among 18 survivors (14 from our current series and 4 from our previous series with available follow-up data), 11 had cardiac defects that warranted surgical correction. Four of them received or were candidates for singleventricle palliation and were living with the associated sequelae. Three were candidates for biventricular repair and were awaiting correction. Only 4 underwent successful biventricular repair and did well afterward. The remaining 7 cases had minor or no associated cardiac defects and did well. The combined follow-up in this group of survivors was 3.5 ± 2.9 years.
Because of the referral nature of our population, this series and our previously published study certainly do not reflect the full spectrum of left isomerism. The predominance of major cardiac defects and bradyarrhythmias among the indications for referral indicates that a subset of fetuses with left isomerism with minor anomalies and a better prognosis is not represented in our collective. Conversely, the group of 11 fetuses without adequate postmortem examination that was excluded from this study may also represent a selection bias. Although not confirmed, the most likely diagnosis in all these cases is indeed left isomerism. All of them had anomalies of the viscerocardiac situs in combination with complex cardiac malformations. Heart block was present in all but 1 case and associated with hydropic changes in 6 fetuses. The inclusion of these cases would shift the prognosis of fetuses with left isomerism presented in this study toward a more unfavorable outcome.
In conclusion, the prenatal diagnosis of left isomerism is feasible, with high accuracy. Important diagnostic pointers are viscerocardiac heterotaxy, complex cardiac malformations, heart block, and interruption of the inferior vena cava. The mortality in fetuses and neonates is high in the presence of heart block and hydrops, whereas the morbidity is mainly determined by the cardiac defects.
